Basal colonic crypt stem cells are long lived and play a role in colon homeostasis. Previous evidence has shown that highcalorie diet (HCD) enhances colonic stem cell numbers and expansion of the proliferative zone, an important biomarker for colon cancer. However, it is not clear how HCD drives dysregulation of colon stem cell/colonocyte proliferative kinetics. We used a human-relevant pig model and developed an immunofluorescence technique to detect and quantify colonic stem cells. Pigs (n ¼ 8/group) were provided either standard diet (SD; 5% fat) or HCD (23% fat) for 13 weeks. HCD-and SD-consuming pigs had similar total calorie intake, serum iron, insulin, and glucose levels. However, HCD elevated both colonic proliferative zone (KI-67) and stem cell zone (ASCL-2 and BMI-1). Proliferative zone correlated with elevated innate colonic inflammatory markers TLR-4, NF-kB, IL6, and lipocalin-2 (r ! 0.62, P ¼ 0.02). Elevated gut bacterial phyla proteobacteria and firmicutes in HCD-consuming pigs correlated with proliferative and stem cell zone. Colonic proteome data revealed the upregulation of proteins involved in cell migration and proliferation and correlated with proliferative and stem cell zone expansion. Our study suggests that pig colon, unlike mice, has two distinct stem cells (ASCL-2 and BMI-1) similar to humans, and HCD increases expansion of colonic proliferative and stem cell zone. Thus, pig model can aid in the development of preventive strategies against gut bacterial dysbiosis and inflammation-promoted diseases, such as colon cancer. Cancer Prev Res; 10(8); 1-9. Ó2017 AACR.
Introduction
The colon is responsible for absorption of water, minerals, and maintaining an immune tolerant symbiotic relationship with the commensal bacteria. As a result, the epithelial cell lining of the colon is under constant exposure to the luminal contents, resulting in a remarkably high rate of cell death, with up to 10 11 epithelial cells ($200 g) being lost every day in humans (1) . This high rate of cell death requires continuous and rapid replacement of the cells, which is driven by small populations of long-lived adult stem cells that reside in specialized niches. These stem cells reside in the bottom of the crypt away from the luminal contents. Recent evidence suggests that dysregulation of colon stem cell kinetics not only leads to gut permeability but also colon cancer (2) .
Chronic inflammation generates reactive chemical entities (e.g., reactive oxygen, nitrogen, and halogen species) to neutralize invading pathogens, which may also impose chemical damage on nucleic acids and proteins in surrounding cells (3, 4) . Prolonged chronic inflammation over a long period, such as in a high-calorie diet (HCD) scenario, may result in chemical damage that exceeds the repair capabilities of the exposed cells, leading to cell death or genetic and epigenetic modifications and the possibility of oncogenic transformation (4) . In this context, it is noteworthy that these colonic stem cells play an essential role in maintaining tissue homeostasis and wound repair in the colon by their capacity to self-renew and differentiate to replace the injured cells that die from inflammation and/or injury (5) . The same properties also make stem cells prime candidates for accumulating mutations that can result in their transformation to oncogenic stem cells.
Emerging evidence suggests that HCD has a causal link to colon cancer and type II diabetes (6, 7) . Prolonged consumption of HCD results in alterations of gut microbiome (8) , low-grade colonic, and systemic inflammation/oxidative stress (9, 10) .
These factors may contribute to enhanced intestinal permeability, insulin resistance, glucose intolerance (11) , and hypoferremia, ultimately leading to elevated risk for colon cancer and type II diabetes. Dysregulation of intestinal stem cell kinetics plays a critical role in colon carcinogenesis; however, it is not clear which of these factors drive the dysregulation, leading to elevated proliferative zone, a well-established risk factor for colon cancer.
There are a wide variety of markers available for the identification of colonic stem cells in murine models, such as ASCL-2 (12), BMI-1 (13) , and LGR5 (14) . ASCL-2 has been shown to identify stem cells associated with homeostatic regeneration, whereas BMI-1 marks quiescent stem cells that proliferate only during extreme stress/injury to the colonic epithelium (15) . In this study, we optimized ASCL-2 and BMI-1 stem cell markers and KI-67 proliferation marker for use on pig colonic tissue to evaluate the colonic stem cell and epithelial cell kinetics using immunofluorescence.
To better understand molecular mechanisms of HCD-altered colonic epithelial kinetics, we utilized functional proteomic studies. Alterations at the protein level can reflect cellular changes more accurately. Advances in bioinformatics and high-throughput technologies have provided powerful tools for unraveling the proteomic profile to identify mechanisms of action of dietary components. As there is no information available on human-relevant pig colon mucosal proteomics, we developed a high-throughput nontargeted, ion-thermal focusing electrospray AJS-ESI LC-MS/MS (Jet Stream Proteomics) approach to identify colon mucosal proteins directly. In addition, the aim of this study was to use proteomics to identify the protein pathways that associate with the changes in the proliferative and stem cell zone in the pig colon.
Materials and Methods

Diet-induced inflammation
For the study (Fig. 1A) , male pigs (6 weeks old, breed: SPG) were obtained from Murphy-Brown LLC and housed individually in solid indoor pens at the North Carolina State University Swine Educational Unit (Clayton, NC). The animals were divided into different treatment groups by body weight, so that mean initial body weight was similar between the treatment groups (n ¼ 8 animals/treatment). Given the number of animals per treatment or sample size being n ¼ 8, we only used male pigs as the hormonal changes involved with female pigs would add additional variables that can confound the parameters measured in the Figure 1 . A, Study design: after weaning, pigs were divided into two groups and fed HCD or SD for 13 weeks. HCDconsuming pigs had similar calorie intake (B), fasting serum levels of insulin (C), glucose (D), and iron (E) compared with SD-consuming pigs. Insulin was measured using a radioimmunoassay following the manufacturer's protocol (Millipore). Glucose was measured using a commercially available kit (Cayman). Serum iron levels were measured as described in Materials and Methods. Results are expressed as mean AE SE for 7 to 8 animals in each treatment group. current exploratory study. Feed intake was measured weekly until the end of the study. The dietary composition of standard diet (SD) and HCD is mentioned in Table 1 . Poultry fat consists of 32% saturated and 68% unsaturated fat, whereas the dry fat used in HCD consists of 41% saturated and 60% unsaturated fat. The vitamin levels in vitamin mix are listed in Supplementary Table  S2 . The plant-based sources, corn and soybean meal, were all obtained from the same source and batch.
Serum insulin and glucose levels
Insulin was measured using a radioimmunoassay following the manufacturer's protocol (Millipore). Glucose was measured using a commercially available kit (Cayman) following standard recommended protocol. Both insulin and glucose were measured after a 12-hour fast at week 11 of the study.
Serum total iron levels
Serum total iron was measured according to the procedure described previously using a kit from Ricca Chemical Company (16) . In brief, nonhemolyzed serum samples were mixed with an equal volume of acid solution to precipitate protein and liberate protein-bound iron. After centrifugation at 6,200 g for 10 minutes, clear supernatants were collected and mixed with an equal volume of chromogen solution (1.5 mol/L ferrozine and 1.5 mol/L saturated sodium acetate). After 10-minute incubation at room temperature, the absorbance was measured at 562 nm.
Colon tissue collection
The animals were euthanized at the end of the study using a captive bolt method. The distal colon was resected, and the mucosa was collected and stored at À80 C until further analysis. Separately, a part of the distal colon was cleaned with RNase-free PBS, cut into pieces of 1 cm, and fixed with 10% buffered formalin. Paraffin-embedded tissues were sectioned at 4 mm and mounted on silane-coated slides for further analysis.
Hematoxylin and eosin staining
Deparaffinized slides were dipped in Harris hematoxylin (Thermo Fisher Scientific) for 1 minute and washed in water/acid alcohol (0.03% HCL in 70% ethanol). The slides were then dipped in eosin for 1 to 2 minutes and gradually dehydrated in increasing concentrations of ethanol (100-100-95-70 v/v). Mounting media (Polysciences Inc.) were applied before placing coverslips.
Immunofluorescence staining Pretreatment of slides. Prior to staining, the paraffin was softened and the tissue specimens fixed additionally by baking the slides in an oven at 55 C for 20 minutes. Deparaffinization was performed with a clearing agent (CitriSolv, Fisherbrand) twice for 5 minutes and hydrated with decreasing concentrations of ethanol (100-100-95-70 v/v). For target retrieval, the slides were incubated in citrate buffer at pH 6 (1 mmol/L citric acid) at 95 C for 20 minutes. To quench autofluorescence from formalin residues, slides were pretreated with sodium borohydride (1 mg/mL) for 5 minutes. Pig sections were blocked with mouse IgG serum from the Mouse On Mouse Kit (Vector Laboratories) and avidin/biotin as per the manufacturer's instructions (Vector Laboratories). The sections were blocked with superblock (Thermo Fisher Scientific) and avidin/biotin. KI-67. KI-67 antibody staining was performed using a mouse anti-KI-67 (Novocastra) for 1 hour at 37 C. Biotinylated horse anti-mouse secondary antibody (Vector Laboratories) with streptavidin rhodamine was used. Mounting media with DAPI (Vector Laboratories) was used as a counterstain.
ASCL-2 and BMI-1. ASCL-2 staining was performed at 4 C overnight using a rabbit anti-ASCL-2 antibody (Abcam). BMI-1 antibody staining was performed using a goat anti-BMI-1 (LSBio) at 4 C overnight. Biotinylated goat anti-rabbit secondary antibody and biotinylated horse anti-goat secondary antibody with streptavidin fluorescein were used for ASCL-2 and BMI-1, respectively. The antibodies for ASCL-2 and BMI-1 were epitope matched with the pig protein sequences from the NCBI database. In addition, negative controls were used to ensure there is no false-positive staining. Additional sample images of the staining can be seen in the Supplementary Information (Supplementary Fig. S1 ). As the antibodies used were originally developed for human tissue, we stained normal human colon tissue sections and observed similar staining patterns ( Supplementary Fig. S2 ). Mounting media with DAPI (Vector Laboratories) was used as a counterstain. All images were taken using Olympus BX-63 microscope with cellSens software.
Proliferative zone and index analysis
Only U-shaped longitudinally cut crypts with open lamina and base touching the muscularis mucosa were selected for assessing the yield and distribution of labeled cells along the crypt. Twenty to 25 crypts per animal were counted. The total number of immunoreactive nuclei as well as the total number of nuclei per crypt column was counted. The proliferation index was defined as the percentage-labeled cells of the total number of crypt column cells. To assess the distribution of the labeled cells, the proliferative zone was calculated as the number of cells from the base to the most upper labeled cell divided by the total number of cells in the column multiplied by 100. Stem cell zone analysis Three nonserial sections per animal were used for stem cell zone analysis. ASCL-2 and BMI-1 were used as the marker for stem cells. We obtained epitope-matched antibodies for ASCL-2 and BMI-1 and developed a protocol for reliably staining the stem cells in the pig colon. Only U-shaped, longitudinally cut crypts with open lamina and base touching the muscularis mucosa were selected for assessing the yield and distribution of labeled cells along the crypt. The total number of immunoreactive nuclei and the total number of nuclei per crypt column were counted. To assess the distribution of the labeled cells, the stem cell zone was calculated (n ¼ 8 crypts/animal) as the position of the cell from the base to the most upper-labeled cell divided by the total number of cells in the column multiplied by 100 ( Supplementary Fig. S3 ). At least 50 crypts positive for stem cell(s) were counted per treatment (on an average, 5 crypts stained positive out of 15-20 "U"-shaped crypts per section).
Statistical analysis
Completely randomized block design was used in this study. Individual pigs were the experimental unit. The statistical procedure -mixed procedure PROC MIXED in SAS software (SAS Institute) was used for analysis of the serum markers, stem cell zone, and proliferative index and zone. The results were expressed as means AE SE for each treatment.
Gut bacterial sequencing
Genomic DNA was extracted using PowerSoil DNA Extraction Kit (Mo Bio) from pig distal digesta samples. The hypervariable region 4 of the 16S ribosomal RNA gene was then amplified and sequenced on an Illumina HiSeq platform, yielding 83,757,806 sequences across 1,151 samples (17) . Operational taxonomic units (OTU) were picked with multiplexed and quality filtered reads using UCLUST OTU picking algorithm (18) against the 13_5 release of Greengenes (19) using updated 13_8 taxonomy strings. The reads that failed to match the reference database at 97% identity were discarded to increase the statistical power of downstream analysis; the OTU table was initially filtered to only include OTUs that were present in at least 20 samples with a minimum count of 100 sequences, and then rarefied at 22,000 sequences per sample. The OTU reads of each bacteria for each animal were correlated to the proliferative index and zone as well as stem cell zone (ASCL-2 and BMI-1) data of each animal using spearman correlation.
Proteomics
Distal colon mucosal protein was extracted using Complete Mammalian Proteome Extraction Kit (Millipore). After protein extraction, 100 mg each of protein samples was reduced, alkylated, and double-trypsin digested. Dried peptides were reconstituted in 0.1% formic acid, and 20 mg of tryptic peptides was injected onto a Polaris 2-mm Â 100 mm C18 RP column using UHPLC at 0.4 mL/minute flow rate. All the samples were analyzed in triplicates on a high flow LC/AJS-dual ion Funnel Q-TOF mass spectrometer using a 30-minute gradient. The LC/MS-MS data were searched against NCBInr Sus scrofa (pig) database using Spectrum Mill bioinformatics tool, and results were summarized at 1% FDR. As there is no protein pathway database for pig proteins, we converted the pig proteins to human equivalent proteins using NCBI genbank accession IDs. In addition, as the pigs were used as a model for human physiology, only proteins with human homologs were considered in the study.
Proteomics correlations
The main analysis consisted of three steps: an exploratory analysis of the protein profile, identification of the proteins that are correlated with the treatment groups, and a correlation analysis between the selected pathways and the stem cell/colon epithelial cell kinetics.
First, the data were cleaned to remove inconsistencies. Proteins that were not detected in multiple technical replicates were removed from the data as spurious signatures. The exploratory analysis was performed on the cleaned data using multidimensional scaling and Ward hierarchical clustering. These unsupervised clustering methods showed that there were clear patterns in the data that corresponded to the dietary treatment groups (Supplementary Fig. S4 ). As the treatment correlated with the protein profile, the next stage of the analysis involved looking for the proteins responsible for the correlation between the observed protein data and the treatment groups.
Sparse partial least squares discriminant analysis (sPLS-DA) was used to identify the proteins responsible for the correlation between the overall protein data and the treatment groups. sPLS-DA is a regression-based method for supervised clustering that can also provide sparse feature selection. As our goal is to find a small subset of proteins that are related to the treatment groups, sPLS-DA is suitable for this analysis. As sPLS-DA uses a variable sparsity penalty, 10-fold cross-validation was used to determine the sparsity penalty. The resulting list of proteins related to the treatment groups was further analyzed using Ingenuity Pathway Analysis (IPA) to identify the chemical pathways that may be related to the treatment groups. Fisher exact test was used to calculate the P value, determining the probability that each canonical pathway assigned to this dataset was not due to chance alone.
For correlation analysis between the selected pathways and the stem cell/colon epithelial cell kinetics, a linear regression was performed to evaluate the association between the proteins in the identified pathways and the stem cell/colon epithelial cell kinetics. The adjusted R 2 values were calculated for each pathway. The significance of the adjusted R 2 values was confirmed using bootstrapping. The adjusted R 2 values for the IPA pathways were compared with the adjusted R 2 values for 10,000 randomly generated pathways. Only IPA pathways that had an adjusted R 2 greater than 95% of the randomly generated pathways were considered significant.
Results
Pigs consuming HCD had no change in total calorie intake, serum iron, insulin, and glucose SD-consuming pigs had a higher feed intake than HCDconsuming pigs. This is likely because SD was a less energy-dense diet (Table 1) , although the calorie intake was similar between the groups (Fig. 1B) . Animals were fasted for 12 hours, and serum was collected to measure serum insulin/glucose. We did not observe any differences in serum iron, insulin, or glucose between SD-and HCD-consuming pigs (Fig. 1C-E) . The bodyweight gain and feed intake over the period of the study were also similar between the treatment groups (Supplementary Table S1 ). The lack of significant differences between the SD-and HCD-fed pigs for above-mentioned parameters allowed us to compare the effect of diet on colonic epithelial cells and bacteria independent of calorie intake, serum iron, insulin, and glucose levels.
HCD elevated proliferative zone and index of colonic epithelial cells HCD has been shown to increase the risk for colon cancer (20) . A recent study showed the causal link between HCD and colon cancer (21) . Proliferative zone and index in the crypt are elevated in colon cancer (22, 23); we measured both the proliferative zone and index in SD-and HCD-consuming pigs. HCD elevated proliferative zone significantly ( Fig. 2A ). There was a trend toward elevated proliferative index in HCD-consuming pigs compared with SD (Fig. 2B) .
HCD elevated stem cell zone
Colonic stem cells have been shown to be marked by various markers, such as LGR5/ASCL-2 (12) and BMI-1 (13). In addition, it was shown that ASCL-2 and BMI-1 stain different subsets of stem cells that are involved in extreme stress response (15) . Hence, we used epitope-matched antibodies against ASCL-2 and BMI-1 to detect colonic stem cells in the colon crypts of the pigs (Fig. 3) . The stem cell zone was calculated separately for ASCL-2 and BMI-1. The stem cell zone detected using ASCL-2 was significantly elevated (23%) in HCD-consuming pigs compared with SD ( Fig. 3A and C) . BMI-1 stem cell zone was also elevated in HCD-consuming pigs but was not significant (Fig. 3B and D) .
Proliferative zone and index highly correlated with innate inflammatory markers
We correlated the proliferative zone and proliferative index with inflammatory markers measured in the colonic mucosa (Supplementary Table S3 ) to understand the functional relevance of this elevation in proliferation to inflammation. Proliferative zone significantly correlated with inflammatory markers TLR-4, NF-kB, and IL6 (Table 2) . Proliferative index significantly correlated with IL6. In addition, lipocalin-2 (LCN-2), a fecal HCD elevated stem cell zone in the pig colon crypt. Quantification was performed by immunofluorescence using ASCL-2 (A) and BMI-1 (B) stem cell marker for stem cell zone. Results are expressed as mean AE SE for 7 to 8 animals in each treatment group. Means that differ by a common letter (a, b) differ (P < 0.05). At least eight crypts per animal were analyzed. C and D, Stem cell marker ASCL-2 and BMI-1 were used to identify colonic stem cells, respectively. ASCL-2 and BMI-1 were detected at the base of the crypt and circled. DAPI (blue) was used as a nuclear counter stain. Images are at 20Â. Scale bar, 50 mm.
inflammatory marker, was significantly elevated in the distal colon digesta of HCD-fed pigs and was significantly correlated with proliferative zone.
HCD-induced alterations in bacteria correlated with proliferative and stem cell zone
Earlier studies have shown that HCD supplementation resulted in an altered abundance of the bacteroidetes and firmicutes phyla in vivo (24, 25) . Studies in pigs have shown that lean cloned pigs contained relatively less bacteria belonging to the phylum firmicutes and more from the phylum bacteroidetes than obese cloned pigs. Proliferative index positively correlated with proteobacteria, while negatively correlated with firmicutes and bacteroidetes (Fig. 4) . Proliferative zone positively correlated with firmicutes. Stem cell zone (ASCL-2) also positively correlated with proteobacteria and negatively correlated with firmicutes, which was increased in HCD scenario (Fig. 4) . BMI-1 stem cell zone significantly correlated with bacterial changes compared with the other markers. BMI-1 stem cell zone positively correlated with proteobacteria and negatively correlated with a majority of firmicutes. Overall from the data, it is evident that stem cell zone (ASCL-2 and BMI-1) and proliferative index positively correlated with proteobacteria, which has been shown to be consistently elevated in high-fat diet/obesogenic conditions and inflammatory bowel diseases.
Proteomics data and exploratory analysis reveals high correlation with pathways associated with colon cancer Our analysis of distal colon mucosa using Jet Stream Proteomics revealed around 6,000 unique proteins, with about 4,000 being consistently detected over multiple runs (proteins that were not present in all the three replicates of at least one sample were considered to be artifacts and discarded for analysis). The accession numbers of the proteins that were significantly different were uploaded to IPA database to obtain the list of pathways. However, the list of pathways produced by IPA is based on the number of proteins present in the pathway. As proteins are either decreased/ increased on the basis of their function or stimuli, the pathway list generated by IPA cannot be used to draw associations. Hence, we correlated the proteins in each of these pathways to our colonic epithelial cell kinetics parameters and generated rankings based on the strength of the correlations (described in Materials and Methods). This resulted in generating the top pathways with proteins that correlate with elevated colonic epithelial cell kinetics ( Table 3 ). The top pathways that correlate with stem cell zone (ASCL-2 and BMI-1) are primarily involved in the migration/ motility (Rho-GDI, Gap junction, FLT3) and proliferation (FAK, ERK/MAPK, eIF4). In addition, mTOR signaling pathway, which has been shown to alter stem cell proliferation in response to calorie changes (26) , also correlated with stem cell zone. Similarly, proliferative zone and index correlated with pathways that are involved in cancer progression (tissue factor, breast cancer regulation by Stathmin1), migration/motility (actin cytoskeleton, FL3), and proliferation (RAC, neuregulinm and CDC42) along with glucocorticoid receptor signaling that is involved in T-cell activation (27) .
Discussion
In this study, we demonstrate that HCD drives the expansion of colonic stem cell zone and proliferative zone before the onset of dysregulated glucose metabolism and weight gain in a humanrelevant pig model. The expansion of the colonic stem cell zone and proliferative zone may be due to the altered gut bacterial signature and elevated inflammation, which is supported by strong correlations.
Previous evidence has shown that proliferative cell numbers in the crypt are elevated in colon cancer (28) . Furthermore, recent evidence has shown that HCD elevated intestinal stem cell numbers and their proliferative function ex vivo (2) . As HCD has a causal link to colon cancer (20), we measured both the stem cell zone and proliferative zone in SD-and HCD-consuming pigs. SDconsuming pigs had higher food intake, but the overall calorie intake was similar between the two groups. HCD consumption in pigs had similar levels of total calorie intake, serum iron, insulin, and glucose compared with SD ( Fig. 1B-E) . This allowed us to look at the impact of HCD intake in the absence of metabolic dysfunction, such as glucose intolerance, hypoferremia, and weight gain. This is particularly significant because recent research has shown that HCD first affects the intestine in the form of altered gut bacterial changes and permeability, which can eventually lead to glucose intolerance (29) .
HCD significantly elevated both ASCL-2 stem cell zone and proliferative zone (Figs. 2 and 3) . We have developed a simple and specific immunofluorescence assay for the detection of stem cells in the pig colon crypts and thus were able to assess the effect of HCD on colonic stem cells in a human-relevant animal model. The assay employs epitope-matched antibodies and optimized incubation times for antibody staining to specifically detect stem cells using two different markers, ASCL-2 and BMI-1 (Fig. 3) . ASCL-2-positive stem cells have been shown to participate in regular homeostasis, and its increase was corresponding to the increase in the proliferative zone. BMI-1 stem cell zone increase was not significant; this can be attributed to the fact that earlier studies have shown that BMI-1-positive stem cells are quiescent and activated in extreme stress, such as radiation exposure in mice (15) . Unlike mice, pig gastrointestinal tract is anatomically and physiologically more similar to humans than any other nonprimate mammals. For example, BMI-1 stem cell population is not present in mouse colon (30) , but here, we show that pig does contain BMI-1 population of stem cells similar to that of human colon (31) . The increase in stem cell zone and the proliferative zone was independent of calorie intake, and before the onset of glucose intolerance, thus indicating that HCD consumption alone can cause an increase in stem cell zone and proliferative zone.
HCD-induced alterations in colonic bacteria and activation of Toll-like receptor (TLR) are key elements in the induction of the innate inflammatory response via triggering signaling cascades, including the transcription factor NF-kB (9, 32) . Furthermore, high amounts of saturated fatty acids present in high-fat diets can directly activate TLR/NF-kB-mediated proinflammatory signaling pathways (33, 34) . HCD-consuming pigs had elevated levels of inflammatory markers TLR-4 and NF-kB (Supplementary Table  S3 ). Proliferative zone significantly correlated with innate inflammatory markers TLR-4 and NF-kB ( Table 2 ), indicating that innate inflammation has an effect on proliferative kinetics of colonic epithelial cells. Recent research has shown that NF-kB plays a role in epithelial cell proliferation by increasing nuclear b-catenin accumulation upon exposure to innate inflammation, such as in colitis (35) . Our strong correlation of proliferative zone to innate inflammatory markers further lends support to how an HCD diet can elevate the risk for colon cancer. LCN-2 is a stable and noninvasive marker of intestinal inflammation, which is secreted by both immune cells (primarily neutrophils) and colonic epithelial cells (36) . LCN-2 expression is induced upon activation of TLRs on immune cells. HCD-consuming pigs had elevated levels of LCN-2 (Supplementary Table S3 ). Proliferative zone significantly correlated with LCN-2 measured in the colonic mucosa (Table 2) , thus indicating that inflammation-induced stress elevates proliferation in colon epithelial cells. In addition, proliferative zone correlated positively with inflammatory marker IL6 (Table 2) . IL6 was shown to be a critical promoter of epithelial cell proliferation in mice models of colitis-associated cancer (37) . Furthermore, IL6 has been shown to mediate hypoferremia (iron deficiency). However, HCD-consuming pigs in our study did not have differences in serum iron levels compared with SD-consuming pigs (Fig. 1E ). This can be probably explained by the low-grade chronic inflammation induced by HCD and thus allowing us to observe the effect of inflammation on colon kinetics without any systemic changes in the iron levels. The lack of stem cell zone correlations to inflammatory markers could be attributed to the asymmetric division of stem cells. Colonic stem cells divide asymmetrically to give rise to a daughter stem cell and a progenitor cell (38) . Progenitor cells proliferate multiple times and differentiate into the various subtypes of colon epithelial cells, hence the strong correlation between proliferative index/zone (which accounts for all the proliferating cells) to inflammatory markers.
The colonic microbiota is estimated to comprise over 10 14 bacteria from more than 1,000 different species. The results of the human microbiome project (39) by the NIH (Bethesda, MD) described more than 70 bacterial phyla, with four constituting the majority of mammalian microbiota (bacteroidetes, firmicutes, actinobacteria, and proteobacteria). In this study, we were able to test the relevance of these changes to host colonic epithelial cell kinetics. Stem cell zone and proliferative index positively correlated with an increase in proteobacteria phylum, which has been associated with colitis and colorectal cancer (40) . E. coli, a member of Enterobacteriaceae family/proteobacteria phylum, has been shown to produce colibactin, a genotoxin responsible for the promotion of colon cancer in chronic inflammatory mice models (40) . HCD consumption is marked by a decrease in butyrateproducing bacteria (like Clostridia, which are part of the firmicutes phyla) and increase in proteobacteria. Proteobacteria lineages with more genes for signal transduction, cell migration/motility, and membrane transport are increased in abundance on the high-fat diet (41) . Thus, the correlation of colonic epithelial cell kinetics with inflammation and proteobacteria indicates a potential role of gut bacteria in HCD-elevated colon cancer risk. Correlation ranking of proteomic pathways revealed an association with pathways that are involved in proliferation, cell junction, and cytoskeleton signaling (migration/motility) and inflammation. FAK, ERK/MAPK, eIF4, and mTOR are pathways involved in increased proliferation that correlated with stem cell zone ( Table 3) . Mitogen-activated protein kinase (ERK/MAPK) and rapamycin-sensitive mTORC1 pathways are evolutionarily conserved kinase modules that link extracellular signals to fundamental cellular processes, such as growth, proliferation, differentiation, migration, and apoptosis (42) . Recently, calorie alterations in animals have been shown to cause an increase in stem cell proliferation (43) . eIF4 is involved in translation upregulation in the presence of growth factors (which are elevated in HCD-consuming animals; ref. 44) . Actin cytoskeleton provides a supportive framework to the three-dimensional structure of cells and enables the cell to adopt a variety of shapes and to undertake directed movements. The correlation of this pathway to proliferative zone and index provides substantial basis for migration of proliferating cells across the colon crypt. This is particularly important in chronic inflammatory conditions, as migration across the crypt column leads to elevated exposure to intestinal luminal toxins, resulting in a greater chance of acquiring mutations while proliferating. Gap junction signaling is critically important in regulating tissue homeostasis, apoptosis, metabolic transport, and normal cell growth and differentiation (45) . Junction dynamics are affected by cytokines like TNFa, which was elevated in our study and other chronic inflammatory conditions. In addition, the cytokine and growth factor-activated signaling pathways, STAT3 and IL2, correlated with stem cell zone, proliferative index, and proliferative zone, respectively. Collectively, this shows that the enhanced presence of growth factors and inflammation in HCD conditions can cause these alterations in gap junction signaling, which leads to altered colonic epithelial cell kinetics.
On the basis of the data, we can conclude that pigs contain both types of colonic stems cells (ASCL-2 and BMI-1; mice colon lacks BMI-1-type stem cells) similar to human and the HCD-induced changes in gut bacterial composition and elevated inflammation can result in stress to the colon epithelium, leading to elevated proliferative zone and index and stem cell zone. These changes are independent of calorie intake, body weight, and serum iron levels and before the onset of glucose intolerance. This elevation is further reflected in the colon epithelial proteome, high correlation to proliferation and motility pathways. Proliferating colonocytes are highly susceptible to toxicants from sources such as gut bacteria and diet. This is particularly important as up to 85% of the colon cancer cases are attributed to diet and lifestyle factors. Given that pig has distinct colonic stem cell population and gut bacterial profile similar to humans, the pig model can be utilized in the development of preventive and therapeutic agents/strategies against gut bacterial dysbiosis and inflammation-promoted diseases, such as colon cancer and type II diabetes.
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